We constructed a self-cloning diploid baker's yeast strain that overexpressed the transcription activator Msn2. It showed higher tolerance to freeze-thaw stress and higher intracellular trehalose level than observed in the wild-type strain. Overexpression of Msn2 also enhanced the fermentation ability of baker's yeast cells in frozen dough. Hence, Msn2-overexpressing baker's yeast should be useful in frozen-dough baking.
Frozen dough baking technology has recently been used because it saves working hours in the bakery industry and enables consumers to purchase fresh bread. However, freezing and the subsequent thawing treatments cause severe damage to various cellular components including DNA, proteins, membrane lipids, and cytoskeletons, and this damage leads to cell death and low fermentation ability. 1) For this reason, baker's yeast strains that are tolerant of freeze-thaw stress are highly desirable.
The transcriptional activator Msn2 is known to be an activator of approximately 180 genes in response to several stresses including oxidative stress, heat shock, and high concentrations of ethanol. [2] [3] [4] When cells are exposed to such stresses, Msn2, which usually forms a heterodimer with Msn4, is imported into the nucleus and binds to the stress responsive element (STRE), found in the promoter region, and finally activates the transcription of many stress protein genes. [5] [6] [7] Various cellular functions are dependent on genes regulated by Msn2, including the oxidative stress response (CTT1, SOD2), molecular chaperoning (HSP12, HSP104), and trehalose synthesis (TPS1, TPS2). 8, 9) Laboratory and industrial yeast strains that overexpress Msn2 have shown tolerance to oxidative stress, mainly due to highlevel transcription of antioxidant genes. [9] [10] [11] [12] Recently, we found that overexpression of Msn2 in bioethanol yeast strains enhanced the initial fermentation rate in the presence of a fermentation inhibitor. 13) However, no studies have examined the relationship between Msn2 overexpression and freeze-thaw stress tolerance in industrial baker's yeast. Hence we constructed a selfcloning diploid baker's yeast strain that overexpresses Msn2, and sought to determine whether overexpression of Msn2 enhances the fermentation ability of the baker's yeast strain in frozen dough.
In this study, we used a Japanese diploid baker's yeast derived from two haploids, 3346 and 3347, as the wildtype strain (WT). 14) We constructed a yeast strain that overexpressed the MSN2 gene, MSN2-OP, under the control of the TDH3 promoter, which is known to be constitutive and is one of the strongest promoters in yeast. The procedure for constructing the MSN2-OP strain was as follows: The DNA fragment containing the URA3 marker and the TDH3 promoter was amplified with oligonucleotide primer set UpMSN2-URA3-ProTDH3 (5 0 -ttttctttcttttttcaacttttattgctcatagaagaactagatctaaacagggtccataaagcttttc-3 0 ) and DownMSN2-URA3-ProTDH3 (5 0 -tctatggggaataaaatatcttcgctattgaaatcatggtcgaccgtcattttgtttgtttatgtgtgtt-3 0 ) using pTAC-URA3-P TDH3 , which harbors the TDH3 promoter fused downstream of the URA3 gene expression cassette, as template. In order to amplify the MSN2 promoter fragment and the MSN2 gene fragment, primer set MSN2up-Fw (5 0 -caatttcccctctacagacaa-3 0 ) and MSN2up-Rv (5 0 -tttagatctagttcttctatgagcaataa-3 0 ), and primer set MSN2down-Fw (5 0 -atgacggtcgaccatgatt-3 0 ) and MSN2down-Rv (5 0 -tgaagtttgaggcgataaattagt-3 0 ) were used for PCR, respectively. The three resulting amplified fragments were mixed and used as template for PCR using primer set MSN2up-Fw and MSN2down-Rv. The amplified fragment was inserted between the MSN2 promoter and the MSN2 gene locus of strain, 3346-ura3 and 3347-ura3. The transformed strain overexpressed the MSN2 gene under the control of the TDH3 promoter. By mating of two haploid strains, diploid strain MSN2-OP was constructed. As a control strain, we also constructed an msn2-depleted strain named Ámsn2. The procedure for constructing the Ámsn2 strain was as follows: a 1.0-kb fragment containing the URA3 gene expression cassette was amplified by oligonucleotide primer set MSN2 þ URA3-Fw (5 0 -gtatcttcctcatatttttcgggaagatcacaacagtagtagcaaggtatttcatacgccaagaggctacgattcggtaatctccgag-3 0 ) and MSN2 þ URA3-Rv (5 0 -aacaataagccgtaagcttcataagtcattg-* The first two authors contributed equally to this study. Note aacagaattatcttatgaagaaagatctatcgaattagtaataactgatataattaaattg-3 0 ) using the genomic DNA of industrial baker's yeast as template. These primer sets possessed additional sequences in their 5 0 terminus that were identical to the upstream region and downstream region of the MSN2 gene, respectively. The amplified fragment was integrated into the MSN2 gene locus of strains 3346-ura3 and 3347-ura3 to disrupt the MSN2 gene. Disruption of the MSN2 gene was confirmed by genomic PCR analysis (data not shown). By mating two haploid strains, diploid strain Ámsn2 was constructed.
In order to confirm overexpression of the MSN2 gene and the Msn2-regulated genes, yeast cells were grown in cane molasses medium (5.88% NEO MOLASSEST [EM laboratory, Shizuoka, Japan], 0.193% Urea, and 0.046% KH 2 PO 4 ) 15) for 48 h at 30 C, inoculated into liquid fermentation medium (5% sucrose, 5% maltose, 0.25% (NH 4 ) 2 SO 4 , 0.5% urea, 1.6% KH 2 PO 4 , 0.5% Na 2 HPO 4 Á12H 2 O, 0.06% MgSO 4 , 22.5 mg/mL nicotinic acid, 5.0 mg/mL pantothenic acid, 2.5 mg/mL thiamine, 1.25 mg/mL pyridoxine, 1.0 mg/mL riboflavin, and 0.5 mg/mL folic acid) at a final OD 600 of 1.0, and then cultivated for 2 h at 30 C as a mimic of pre-fermentation in dough. 16) After cultivation in liquid fermentation medium, we extracted RNA and performed real-time quantitative PCR analysis. RNA extraction was performed with an RNeasy Mini Kit (Qiagen, Valencia, CA) and cDNA was prepared with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). For real-time quantitative PCR, the synthesized cDNA was amplified with oligonucleotide primers for each gene using Power SYBR Green PCR Master Mix (Applied Biosystems) in a 7300 Real-Time PCR System (Applied Biosystems). The ACT1 gene was used as internal standard. The mRNA level of the MSN2 gene in MSN2-OP increased approximately 20-fold as compared with that in WT (Fig. 1) . Furthermore, transcription of the Msn2-regulated genes, TPS1, CTT1, and HSP104 was also upregulated approximately 5-fold, 2.5-fold, and 2.5-fold, respectively. This suggests that the
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In order to characterize the MSN2-OP and Ámsn2 strains, we examined the cell viability of various strains after freeze-thaw stress. Yeast cells cultivated in liquid fermentation medium were collected, divided into aliquots, and frozen at À20 C for 7 d. The frozen cell suspensions were thawed at 30 C in a water bath for 20 min, spotted onto a YPD plate (2% glucose, 2% Bacto peptone [Difco Laboratories, Detroit, MI], 1% Bacto yeast extract, and 2% agar), and then incubated for 1 d at 30 C. As shown in Fig. 2A , the Ámsn2 cells were more sensitive to freeze-thaw stress than WT. In contrast, overexpression of Msn2 conferred resistance to freeze-thaw stress on yeast cells (MSN2-OP). It was reported that disruption of the MSN2 gene in a laboratory yeast strain caused sensitivity to freeze-thaw stress. 17) These results indicate that the MSN2 gene is also important for protection from freeze-thaw stress in baker's yeast strain.
Transcription of the TPS1 gene was highly upregulated in the MSN2-OP strain (Fig. 1) . This gene encodes trehalose-6-phosphate synthase, which is required for trehalose synthesis from glucose-6-phosphate and UDPglucose.
18) Shima et al. 19) have shown that trehalose accumulation increased tolerance to freeze-thaw stress and the fermentation ability of yeast cells in frozen dough. We also examined the intracellular trehalose level. After cultivation in liquid fermentation medium, intracellular trehalose was extracted with 0.5 mL of water at 100 C. After centrifugation (5 min at 15;000 Â g), the trehalose concentrations of supernatants were measured with a trehalose assay kit (Megazyme International Ireland, Wicklow, Ireland) by a method described previously. 20) As Fig. 2B shows, the MSN2-OP cells accumulated much more trehalose than the other strains. This was probably due to an increase in the mRNA level of the TPS1 gene.
Next we tested the fermentation ability of the WT, MSN2-OP, and Ámsn2 strains in frozen dough. Yeast cells cultivated in cane molasses medium was used in subsequent dough fermentation. The formula for the dough was 100 g of bread-making flour, 5 g of sucrose, 2 g of NaCl, 4 g of yeast (66% moisture basis), and 68 mL of water. These ingredients were mixed for 3 min with a Swanson mixer (National Mfg. Co., Ltd., Sterling, IL). The mixed dough was divided into pieces (40 g each) and placed into screw-cap bottles. After prefermentation for 2 h at 30 C, the dough was stored at À20 C and kept frozen for 3 weeks. The dough was thawed at 30 C for 30 min, and fermentation ability was assayed by measuring CO 2 gas production using a Fermograph II (Atto, Tokyo, Japan). 21) Fermentation ability was expressed as the percentage of evolved CO 2 gas amount after freezing relative to that before freezing. Unexpectedly, the CO 2 gas production of MSN2-OP fell to approximately 60% of that of WT in the absence of freeze-thaw stress (Fig. 3A) . This might be due to a metabolic imbalance caused by overexpression of Msn2. In MSN2-OP cells, ATP might be consumed more than in WT cells as a cell defense mechanism including trehalose and glycogen synthesis and other stress protective protein synthesis.
It is noteworthy that MSN2-OP strain retained its fermentation ability at the same level as before freezing, whereas the remaining gassing power of WT and the Ámsn2 strains decreased dramatically to approximately 40% of that before freezing (Fig. 3B and C) . In other words, the MSN2-OP strain showed an approximately 2.5-fold increase in fermentation ability in the frozen dough as compared with the WT strain. This indicates that overexpression of Msn2 confers tolerance of freezethaw stress on yeast cells, probably due to activation of Msn2-regulated stress responses such as trehalose synthesis, although this might have a negative effect under the non-stress conditions. It should be also noted that MSN2-OP strain is a self-cloning yeast that contains no foreign genes or DNA sequences except for yeast DNA. According to Japanese government guidelines, a selfcloning yeast need not be treated as a recombinant genetically modified yeast. 22) Hence this strain might be more acceptable for consumers than a genetically modified yeast. Total CO 2 gas evolved in dough with the use of various yeast strains before (A) and after (B) freeze-thaw treatment was expressed. Solid diamond, WT; hollow square, MSN2-OP; hollow triangle, Ámsn2. C, Relative fermentation ability in dough using various yeast strains after freeze-thaw treatment. The gassing power ratio after freeze-thaw treatment to that of each strain before freezing was calculated. Values are means and standard deviations of the results of three independent experiments.
In this study, we found that diploid industrial baker's yeast overexpressing Msn2 was tolerant of freeze-thaw stress and showed increased fermentation ability in frozen dough. Hence transcription factor Msn2 is promising for breeding novel yeast strains useful in frozen dough baking.
